A procedure for isolating spinach (Spinacia oleracea L.) leaf peroxisomes in 0.25 molar sucrose solution by Percoil density gradient centrifugation followed by removal of the Percoli by washing and centrifugation was established. The preparation contains more than 90% peroxisomes as intact organelles with no detectable chlorophyll or cytochrome oxidase contamination. The peroxisomes are stable at 0 to 4°C or 25°C for at least 2 hours.
up immediate opportunities to study the metabolism of glycolate, serine, and glycerate in intact peroxisomes under physiological conditions. In addition, such preparations will facilitate the study of the permeability of the peroxisomal membrane and possible transport systems for various metabolites, and the proposed electron shuttle system involving malate and aspartate. The procedure could be modified to isolate peroxisomes from other plant and animal tissues.
Plant peroxisomes (microbodies, glyoxysomes) are routinely isolated by isopycnic sucrose density gradient centrifugation in which the peroxisomes migrate to an equilibrium density of 1.25 g/cm3 (1.9 M sucrose) (1, 6, 10) . Although the peroxisomal fraction is essentially free of other subcellular particles, attempts to dilute the fraction to a physiological concentration of osmotica (0.25 M sucrose) without breaking the peroxisomes have not been successful.
A pure peroxisomal fraction containing intact organelles in a solution of physiological water potential is essential for the studies of peroxisomal metabolism and biogenesis under in vivo conditions. In metabolic studies, such a peroxisomal fraction would enable the study of metabolism by the intact organelles as well as membrane transport ofmetabolites (1, 6, 10) . In biogenesis studies, the organelles have been tested for their ability to process and acquire enzymes known to be synthesized by free polysomes in the cytosol (3, 7) . However, the work was carried out with a crude particulate fraction which also contained substantial amounts of ER that are known to be able to process newly synthesized enzymes. Thus, unequivocal interpretation of these data is diffi- 
MATERIALS AND METHODS
Spinach (Spinacia oleracea L.) was obtained locally. The leaves were deribbed, chopped into small pieces in grinding medium (4 ml/g leaves) with an onion chopper, and then ground gently with a mortar and pestle. The grinding medium contained 0.35 M sucrose, 2 mi DTT, and 0.15 M Tricine-KOH (pH 7.5). The homogenate was filtered through eight layers of cheesecloth and centrifuged at l,000g for 10 min. The supernatant was centrifuged at 10,000g for 10 min. The pellet from the second centrifugation was resuspended in grinding medium and layered onto a Percoll gradient (0.6 ml/gradient). The amount of resuspended pellet applied to a gradient was equivalent to that obtained from 5 to 15 g fresh weight of leaves, and the application of this range of pellet resulted in a similar pattern of organelle separation. The gradient was composed of 30 ml 0% to 70% (v/v) Percoll in a solution containing 0.4 M sucrose and 10 mm Tricine-KOH (pH 7.5). The gradient was centrifuged at 10,000 rpm for a designated period of time in a Beckman rotor SW 27 and fractionated.
Four l-ml fractions of peroxisomes, corresponding to the fraction with peak catalase activity and the three adjacent fractions of higher density, were combined and mixed with 4 volumes of 0.21 M sucrose in 1 mm K-phosphate (pH 7.5). The suspension was centrifuged at 15,000g for 15 min. The resulting pellet was loosely packed, and the supernatant fraction was removed carefully with a Pasteur pipet. The pellet was loosened by gently shaking in the roughly 0.5 ml solution left behind, mixed with 12 ml of 0.25 M sucrose in 1 mm K-phosphate (pH 7.5), and re-centrifuged at 15,000g for 15 min. This washing procedure was repeated two times. The final pellet was resuspended in 0.25 M sucrose in 1 mm K-phosphate (pH 7.5).
To test the stability of the peroxisomes, the washed peroxisomal fraction was incubated either in an ice bucket or at room temperature for various periods of time. Three methods were used to monitor organelle integrity. The first method was to layer the fraction on top of 5 ml 0.4 M sucrose in 1 mm K-phosphate (pH 7.5) followed by centrifugation at 20,000g for 30 min. The activities of catalase in the supernatant and the pellet were determined. The second method was to layer the fraction onto a 14-ml sucrose density gradient composed of a linear 30%1o (w/w) to 60%o sucrose gradient containing 1 mm K-phosphate (pH 7.5). The gradient was centrifuged at 21,000 rpm for 4 h in a Beckman Rotor SW ISOLATION OF SPINACH LEAF PEROXISOMES 27.1, fractionated, and analyzed, The third method was to assay for hydroxypyruvate reductase activity in the fraction that had or had not been subjected to osmotic lysis of the peroxisomes.
Hydroxypyruvate reductase activity was assayed in a 1-ml reaction mixture containing 0.1 M K-phosphate (pH 6.7), 0.14 mM NADH, 5 mm hydroxypyruvate, and 0.4 M sucrose. The peroxisomal fraction was added to 0.6 ml buffer with (to preserve integrity) or without (for osmotic lysis) 0.4 M sucrose, incubated for 10 min, and 0.3 ml of 0.4 or 1.2 M sucrose solution, respectively, was then added. NADH and hydroxypyruvate in 0.4 M sucrose solution were added successively to initiate the reaction, and the change in absorbance at 340 nm was recorded.
Catalase, glycolate oxidase, Chl, Cyt oxidase, and sucrose concentrations were assayed as previously described (4). Protein was assayed by the Bio-Rad assay with BSA (fraction V) as the standard.
RESULTS AND DISCUSSION
Percoli Density Gradient Centrifugation. Preliminary experiments were performed in order to select the best procedure for isolating peroxisomes by Percoll density gradient centrifugation. The following procedure was adopted. A particulate fraction was obtained by centrifuging the crude extract first at l,000g for 10 min and then centrifuging the supernatant at 10,000g for 10 mi. The pellet from the second centrifugation was devoid of cell debris, intact chloroplasts, and other large subcellular particles, and contained peroxisonfies, mitochondria, and broken chloroplasts as three major organelles. This pellet was resuspended and applied to a Percoll density gradient (linear, 0-70%o v/v). Our earlier findings indicate that in sucrose density gradient centrifugation, the peroxisomes migrate at a higher rate than the mitochondria (5). In Percoll density gradient centrifugation, the peroxisomes also migrated at a higher rate than the mitochondria (Fig. 1) . The broken chloroplasts reached their equilibrium density quickly at a low density, and were well-separated from the mitochondria and peroxisomes at higher densities. After 10 or 15 min of centrifugation, the fraction containing the peak catalase activity and the fractions containing catalase activity at higher densities were free of detectable Cyt oxidase activity (Fig. 1) . Centrifugation for longer periods of time yielded less desirable resolution due to a considerable overlapping of the two markers. After 5, 10, and 15 min of centrifugation, a diffuse cloudiness was observed below the green band. After 20 min of centrifugation, the cloudiness became a diffuse, cloudy band, as the mitochondria and peroxisomes were reaching their equilibrium densities.
Washing of the Peroxisomal Fraction. Rate centrifugation of Percoll gradients for 10 to 15 min was used to prepare peroxisomes.
After fractionation of the gradient, the fraction possessing the peak catalase activity and three fractions below the catalase peak (a total of about 4 ml) were pooled. These fractions contained no detectable Cyt oxidase activity. The peroxisomes obtained from the Percoll gradients were not stable. As quickly as we could assay for peroxisomal integrity which was about 10 min after centrifu- Percoll density gradient centrifugation of spinach leaf organelles. The leaf extract was centrifuged at 1,000g for 10 min, and the resulting supernatant was re-centrifuged at 10,000g for 10 min. The pellet was resuspended and applied to a Percoll density gradient consisting of 30 ml of 0 to 70%o (v/v) Percoll in a solution of 0.4 M sucrose, 10 mm Tricine-KOH (pH 7.5). The gradients were centrifuged at 10,000 rpm in a Beckman Rotor SW 27 for 5 (50,000 revolutions), 10 (100,000 revolutions), and 15 (150,000 revolutions) min. The brake was applied in deceleration. The time for acceleration and deceleration was taken into account such that the total revolutions were within + 5,000. The resuspended 10,000g pellet equivalent to 5 g fresh weight was used in each of the 5-and 10-min centrifugations, and 15 g in the 15-min centrifugation.
involving centrifugation of the preparation through a cushion of 5 ml of 0.4 M sucrose solution at 20,000g for 30 min and assaying catalase activity in the pellet and in the supernatant (the whole supernatant including cushion was mixed). The percent of catalase activity in the pellet was designated as the catalase in intact peroxisomes. The validity of this quick method was confirmed by the second method involving an isopycnic sucrose gradient centrifugation of the fraction. Catalase in intact peroxisomes migrated to an equilibrium density of 1.25 g/cm3, and that in partially intact peroxisomes to 1.21 to 1.22 g/cm3, and that from broken peroxisomes remained at the top of the gradient. This second method, although tedious, is important in assessing the percent as well as the degree of intactness of peroxisomes. The (Fig. 2) and the second method of sucrose density gradient centrifugation (Fig. 3) . After the washed peroxisomal fraction had been left at 0 to 4°C (in ice bucket) or 25°C (room temperature) for 1, 1.5, and 2 h, at least 90o of the peroxisomes still remained completely intact (Figs. 2  and 3 ). Using the third method of assaying hydroxypyruvate reductase activity, the washed peroxisomal fraction obtained immediately after washing or after 2 h of incubation at 0 to 4°C exhibited activity only after the peroxisomes had been broken by osmotic lysis. The results of these three methods together indicate that the washed peroxisomal fraction contained peroxisomes that were highly intact and very stable.
PercoUl versus Sucrose Density Gradient Centrifugation. The washed peroxisomal fraction thus is suitable for the study of metabolism in intact organelles and the possible uptake of enzymes in biogenesis study. The current novel procedure, in comparison with the traditional procedure of isopycnic sucrose density gradient centrifugation, requires more manual handling but actually less time (1.5 versus 4 h) to obtain the peroxisomal fraction. The disadvantage of the current method is that only about 1 mg (protein) of washed peroxisomes could be obtained from four Percoll gradients. This amount is about one-fourth of that from four sucrose gradients after isopycnic centrifugation. It is anticipated that modification of the procedure would enable isolation of intact and stable peroxisomes from other sources, such as oil seeds (glyoxysomes) and rat liver.
When the l0,OOOg particulate fraction was centrifuged at 20,000 rpm for 30 min in a Percoll density gradient containing 0.25 M sucrose, the peroxisomes migrated to an equilibrium density of 1.09 g/cm3. When the l0,OOOg particulate fraction was resuspended in 70%o Percoll in 0.25 M sucrose and then subjected to flotation Percoll density gradient centrifugation, the peroxisomes also floated to a density of 1.09 g/cm3, thus confirming this value to be the equilibrium density. This value, representing the density of the organelles in vivo under normal physiological conditions, is the same as that reported for rat liver peroxisomes (2, 9) .
